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Abstract
If the Standard Model (SM) of elementary particle physics is assumed to hold good to arbitrarily high energies, then, for the best
fit values of the parameters, the scalar potential of the Standard Model Higgs field turns negative at a high scale µinst. If the physics
beyond the SM is such that it does not modify this feature of the Higgs potential and if the Hubble parameter during inflation (Hinf)
is such that Hinf ≫ µinst, then, quantum fluctuations of the SM Higgs during inflation make it extremely unlikely that after inflation
it will be found in the metastable vacuum at the weak scale. In this work, we assume that (i) during inflation, the SM Higgs is
in Bunch-Davies vacuum state, and, (ii) the question about the stability of the effective potential must be answered in the frame
of the freely falling observer (just like in Minkowski spacetime), and then use the well known fact that the freely falling observer
finds Bunch-Davies vacuum to be in thermal state to show that the probability to end up in the electroweak vacuum after inflation
is reasonably high.
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Various observations and theoretical considerations indicate
that there exists physics beyond the Standard Model (SM), but
it is unclear at what scale this new physics exists. Renormal-
ization group evolution of SM couplings shows that the Higgs
quartic coupling becomes negative at a scale µinst ≈ 1010 − 1012
GeV if there is no new physics beyond the SM [1, 2, 3, 4, 5, 6],
[7], [8, 9, 10, 11]. This implies that at large field values, the
quantum effective potential of SM Higgs field must look like
the solid curve in Fig (1) rendering the electroweak vacuum
metastable (i.e. the corresponding lifetime turns out to be big-
ger than the age of the universe, however, see [12]).
The energy scale of inflation is unknown at present. Inter-
preting the recent BICEP2 observations of B-mode polariza-
tion of cosmic microwave background radiation [13] as being
due to inflationary gravitational waves, one infers the Hub-
ble parameter during inflation to be Hinf ∼ 1014 GeV. How-
ever, the signal observed by BICEP2 experiment is best inter-
preted as being due to cosmic dust [14, 15] so that the energy
scale of inflation continues to be unknown at present and can
be potentially found by future CMB experiments. If however
the Hubble parameter during inflation is larger than the scale
µinst ≈ 1010 − 1012 GeV, the quantum fluctuations of the SM
Higgs during inflation shall cause it to run away to the global
minimum in the effective potential at very high field values
leaving no way of reaching the local minimum at φ ≈ 250 GeV,
the electroweak vacuum. This is why it is often argued that
[16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27] considerations
of inflationary cosmology imply that if µinst < Hinf (the Hubble
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parameter during inflation), new physics must show up at some
energy scale below µinst (see also [28]).
Assuming that the SM Higgs is not the inflaton (unlike [29]
and [30]), the inflaton must belong to a beyond-SM (BSM) sce-
nario. Often, the SM Higgs potential in the BSM scenario gets
modified such that there is no Higgs instability problem. E.g.
in [31], it is argued that if the quartic coupling of inflaton and
Higgs is greater than 10−11, then too the problem is avoided.
It is thus very important for the very existence of this problem
that the BSM scenario is such that it modifies the Higgs poten-
tial only very slightly.
For a quantum field in inflationary quasi-de-Sitter space-
time in Bunch Davies vacuum state, every freely falling (i.e.
geodesic) observer is surrounded by thermal radiation with the
Gibbons-Hawking temperature of H2pi (where H is the Hubble
parameter during inflation) [32, 33, 34, 35, 36]. As we argue
below, the SM Higgs field is expected to be in Bunch-Davies
vacuum and then the geodesic observers must find it in a ther-
mal state. In such a scenario, to answer any questions related to
the dynamics of the SM Higgs field and hence of the stability of
the electroweak vacuum, one should analyse the corresponding
thermal effective potential of the Higgs field. We found that the
thermal effective potential of the SM Higgs field during infla-
tion is such that in the post inflationary universe, the fraction
of Hubble volumes found with Higgs displaced such that it can
reach the electroweak vacuum is quite significant. Thus, no
new physics is needed below µinst ≈ 1010 − 1012 GeV to ensure
that the universe after inflation ends up in the local minimum at
φ ∼ 250 GeV, the electroweak vacuum. But, in order to have
inflation at µ ∼ V1/4inf , one still expects some new physics to turn
up at an energy scale below V1/4inf ≈ 1016 GeV. As we shall see,
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we actually need new physics at a scale below Hinf ≈ 1014 GeV.
It is worth emphasising that all the proposed solutions of
this problem (see e.g. [37]) assume either the existence of
physics beyond the standard model at an energy scale below
µinst, or assume that gravity is described by a theory other than
Einstein’s GR (often a scalar-tensor theory [23] in which the
SM Higgs field acts as the scalar degree of freedom). In this
work on the other hand, as we argue below, the considerations
of well established physics (Einstein’s GR and basic QFT in
curved spacetime) in fact imply that the problem becomes in-
significant, provided one takes into account the phenomenon of
Hawking-Gibbons temperature. Recall that the existence of de-
Sitter radiation (the equivalent of Hawking radiation in de-Sitter
space) is an inevitable consequence of QFT in curved spacetime
and has been well known and established for decades.
We begin by recalling the argument in favour of the hypothe-
sis that µinst < Hinf implies new physics below µinst. Then, after
reminding why there must be thermal radiation in inflationary
de-Sitter spacetime, we evaluate the quantum effective poten-
tial of SM Higgs and then show how the corresponding thermal
effective potential of the SM Higgs helps. We then conclude
with a summary and possible issues.
Cosmic inflation and Higgs instability: In the Standard
Model of elementary particle physics, the one-loop beta func-
tion of the self coupling λ of Higgs receives a negative contri-
bution from the loop of the top quark while it receives positive
contribution from the Higgs loop. A heavy top quark and a light
Higgs thus ensure that as we probe higher energies, at some
scale µinst ≈ 1010 − 1012 GeV, λ becomes zero and eventually
negative at even higher energies [1, 2, 3, 4, 5, 6], [7], [8, 9]. The
uncertainties in the value of this scale are determined predomi-
nantly by the uncertainties in the measured value of the mass of
top quark.
If the recent observations of BICEP2 [13] collaboration are
to be interpreted as being due to the inflationary gravitational
waves, it appears that the inferred energy scale of inflation [38]
is
V1/4inf ≈ 2.2 × 1016GeV
(
r
0.2
)1/4
, (1)
with r = O(0.1) and hence
Hinf ≈ 1.2 × 1014GeV
(
r
0.2
)1/2
. (2)
Even if the best explanation of BICEP2 observations is in terms
of dust [14, 15], an energy scale of inflation of this order has
triggered arguments [16, 17, 18, 19, 20, 21, 22] purely from in-
flationary cosmological considerations, that there must be new
physics below the scale µinst. These arguments are based on
the following reasoning: since λ turns negative at µinst, the
quantum effective potential of the Standard Model Higgs field
must look like the solid curve in Fig (1). For any massless (i.e.
sufficiently light) canonically normalized scalar field on quasi-
de-Sitter background, every Fourier mode has, at late times, a
quantum fluctuation of approximately H2 (see e.g. [39, 40] for
details) i.e.
lim
t→∞
〈0| ˜φ(t, k) · ˜φ(t, k′)|0〉 = δ3(k + k′)2pi
2
k3
[
H(tk)
2pi
]2
. (3)
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Figure 1: In this cartoon fig., the solid curve is the shape of quantum effective
potential of SM Higgs field around the field values of the order of φ ∼ µinst
(the numbers in the fig are in arbitrary units). In the present work, we show that
during inflation, the Gibbons-Hawking temperature of quasi-de-Sitter space en-
sures that the field is in thermal state with the corresponding thermal effective
potential which qualitatively looks like the dashed curve above. This means the
thermal effects shall the Higgs instability problem without requiring any other
new physics below µinst pushing the effective instability scale to a much higher
value.
Here, ˜φ is the three dimensionful Fourier transform of the field
φ (so that the mass dimension of ˜φ is -2), H is the Hubble pa-
rameter during inflationary quasi-de-Sitter phase, tk is the time
when the mode in question crosses the then Hubble radius and
the state |0〉 is the Bunch-Davies vacuum.
Thus, in inflationary quasi de-Sitter spacetime, at every scale,
there is quantum fluctuation of the order of H. This shall hap-
pen for every light field during inflation including the Stan-
dard Model Higgs field itself. Suppose (as the data suggests)
Hinf > µinst, this would then imply that just due to quantum fluc-
tuations, averaged over a box of any size, the Standard Model
Higgs field is going to be found in the extreme right portion of
the effective potential (the solid curve) in Fig (1). Thus, dur-
ing inflation, the large inflationary energy density can drive the
Higgs out of electroweak vacuum i.e. the likelihood that Higgs
field fluctuates to the unstable region of the potential is sizeable,
even if Higgs begins inflation in EW vacuum. The probability
to have a Universe at the end of inflation which survived the
quantum Higgs fluctuations is quite low [16].
This causes the field to runaway to even higher values and
at the end of inflation we never end up in the desired SM elec-
troweak vacuum at φ ∼ 250 GeV. How did the universe end
up in such an energetically disfavored state as the present elec-
troweak vacuum? Moreover, as the SM Higgs rolls down along
the run away region of its effective potential, its negative en-
ergy density keeps on increasing until there comes a moment
when it overpowers the energy density of inflaton itself, a pro-
cess which can disrupt inflation. In [20], the authors argued
that since in the SM, for the best fit value of the mass of top
quark, the value of V(φmax) (the potential energy at the local
maximum) is lesser than H4inf (with Hinf assumed to be O(1014)
GeV), inflationary fluctuations shall push it to φ > φmax region
of field space and hence new physics shall be required to mod-
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ify the Higgs potential and make it stable against inflationary
fluctuations. In general, it is often argued that this means that
there must be new physics at energy scale below µinst which
modifies the Higgs potential so that after inflation, we end up
being in the correct vacuum (see e.g. [37] for an example of
new physics which could cure this problem).
Next, we show that the considerations of Gibbons-Hawking
temperature in quasi-de-Sitter background during inflation shall
cause the corresponding thermal effective potential of the Higgs
field to be of the form of the dashed curve shown in Fig (1)
suggesting that the above conclusion about the instability of the
Standard Model Higgs during inflation [16, 17, 18, 19, 20, 21,
22] is not correct.
Effects of de-Sitter radiation: Consider a free massless (or
light) quantum scalar field in inflationary (quasi) de-Sitter
spacetime. It is known that a state which an observer using
conformal (i.e. planar) coordinates describes as Bunch-Davies
vacuum, to an observer using static coordinates, shall appear
to have particles and these particles have a thermal spectrum,
the corresponding temperature being T = H/2pi in natural units
(see [32, 33] for the original reference and sec V of [34] and
[36] for a review). In fact, any geodesic observer moving along
a timelike geodesic in de Sitter space observes a thermal bath of
particles when the scalar field is in the Bunch-Davies vacuum
(see [35] for a review).
We posit that, during inflation, the SM Higgs must be in the
Bunch Davies vacuum state because of the reason that at early
times, the physical wavelength of any given mode is arbitrar-
ily short compared to Hubble length and so, the distinction be-
tween Minkowski space and de-Sitter space must be negligible
[41]. It is well known that no de-Sitter invariant vacuum ex-
ists for an exactly massless scalar field [42], but the SM Higgs
has a small but non-zero mass. It is worth emphasizing that the
choice of Bunch Davies vacuum state is also de-Sitter invariant
(see [36] for a discussion). In Minkowski spacetime, we anal-
yse the questions of stability of effective potential in an inertial
frame which is a freely falling frame. So, in this work, we take
the point of view that in inflationary quasi-de-Sitter spacetime,
the observer in whose frame the questions of stability of the ef-
fective potential must be analysed is a freely falling observer,
i.e. the one who uses static coordinates and who therefore de-
tects de-Sitter radiation. Since the temperature of de-Sitter radi-
ation does not drop as the universe inflates, the dynamics of SM
Higgs and the stability of the EW vacuum must be determined
by its thermal effective potential. For this reason, we now find
the thermal effective potential of SM Higgs at a temperature of
Hinf and analyse its stability.
Let us find the one-loop quantum effective potential of the
Standard Model Higgs. The Higgs potential is V = −m2|ϕ|22 +
λ|ϕ|4 for the Higgs doublet ϕ defined by
(
χ
(φ + iη)/√2
)
where φ is the rolling physical Higgs field and η and χ are the
neutral and charged Goldstones respectively. Recall that m2
is the only dimensionful parameter in the Standard Model La-
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Figure 2: The RG evolution of SM couplings (defined in MS renormalization
scheme) in one loop approximation. Note the approximate unification of gauge
couplings around 1014 GeV and also notice that λ turns negative at an energy
scale of 108 GeV (since we have truncated the computation at one loop).
grangian. We find the one-loop effective potential of the Higgs
field due to its interactions with itself, with gauge bosons and
with the top quark (all the other couplings are neglibly small).
The quantum effective potential can be rewritten as its tree level
expression
Veff = −m(µ)
2φ2
2
+ λ(µ)φ4 , (4)
but with the renormalized couplings (and with the renormal-
ization scale µ set to φ). We thus need to find the Renor-
malization Group (RG) evolution of the various parameters
and couplings. The RG flow of m2 and λ is determined
approximately by the three gauge couplings g1, g2, g3 and
by the Yukawa coupling of top quark yt. One can easily
solve the RGEs [7] for the 6 parameters (g1, g2, g3, yt, λ,m2),
with the values of these parameters at an initial renormaliza-
tion scale (which we take to be Mt = 173.1 GeV) chosen
to be (0.461, 0.648, 1.166, 0.936, 0.127, (132.7 GeV)2) respec-
tively [7] 1. We truncate our computation at one loop accuracy
since our aim is to only illustrate that the thermal effects solve
the problem we addressed in the last section.
We find that the couplings flow as shown in Fig (2), it can be
seen that the self coupling of the SM Higgs becomes negative
at a high energy scale. This scale is 108 GeV in Fig (2) instead
of the value µinst ≈ 1011 GeV (see [7]) as we have truncated
the RGEs at one loop approximation. In Fig (3) is plotted the
corresponding quantum effective potential. Around 108 GeV,
the corresponding Higgs potential drops below its value for the
EW vacuum as shown in Fig (3). This illustrates the Higgs
instabiliy problem at zero temperature.
In a thermal state, all the averages shall be ensemble averages
of statistical fluctuations and not the averages over quantum
fluctuations. Thus, unlike the cases in which we wish to solve
the scattering problem when we evaluate the vacuum Green’s
1Notice that all the parameters that we are working with are the ones defined
in MS renormalization scheme and hence are gauge-invariant (see [7] for the
proof and relevant literature).
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Figure 3: In one loop approximation, the RG evolution of λ causes it to become
negative at an energy scale of around 108 GeV. This causes the one-loop zero
temperature quantum effective potential of the SM Higgs field to look like what
is shown here. The quantum fluctuations of the SM Higgs field during inflation
cause it to runaway to large field values spoiling any chances of getting the
familiar low energy phenomenology after inflation.
functions, in thermal field theory, one evaluates the thermal
Green’s functions (see [43] for a review and references). Just
like zero-temperature field theory, the connected 1 PI thermal
Green’s functions of the field can be found from a correspond-
ing generating functional which is the thermal effective action
of the field. The dynamics of the field shall then be governed by
the corresponding thermal effective potential. Given the action
of a theory, one can find the Feynman rules to evaluate thermal
correlators and hence the thermal effective potential. E.g. for a
self interacting scalar field theory, the one loop quantum effec-
tive potential in thermal state is the sum of two contributions:
Vβ
eff
(φ) = V0(φ) + Vβ1 (φ), where V0(φ) is the tree level potential.
It turns out that
Vβ1 (φ) = V1−loopeff (φ) +
1
2pi2β4
JB[m2(φ)β2] , (5)
where V1−loop
eff
(φ) is the zero temperature effective potential with
m2(φ) = d2V0(φ)/dφ2. There is an additional temperature de-
pendent piece
JB[m2(φ)β2] =
∫ ∞
0
dxx2 log[1 − e−
√
x2+β2m2 ] . (6)
In the limit of high temperature i.e. m2β2 ≪ 1, the above in-
tegral admits a convenient expansion. Similar expressions can
be obtained for a theory of a scalar field interacting with a spin
half field or with a spin one field [43]. Using this, one can ob-
tain the one loop effective potential of the SM Higgs field (in a
thermal background) due to contributions from only the W and
Z bosons and the top quark to radiative corrections, the full one
loop thermal effective potential, in the high temperature limit is
given by [43]
V(φ, T ) = D(T 2 − T 2o )φ2 − ETφ3 +
λ(T )
4
φ4 , (7)
where the coefficients are given by
D =
2m2W + m
2
Z + 2m
2
t
8φ2 , (8)
E =
2m3W + m
3
Z
4piφ3
, (9)
T 2o =
m2h − 8Bφ2
4D
, (10)
B =
3
64pi2φ4
(
2m4W + m
4
Z − 4m4t
)
, (11)
λ(T ) = λ − 3
16pi2φ4
2m4W log m
2
W
ABT 2
(12)
+m4Z log
m2Z
ABT 2
−4m4t log
m2t
AFT 2
)
,
where log AB = 5.4076 − 3/2 and log AF = 2.6351 − 3/2. In
the above equations, the rolling Higgs field φ (which is the
same as the renormalization scale µ), determines the masses
such as m2h = λφ
2/2, mW = g2φ/2, mt = ytφ/
√
2. Thus,
for any renormalization scale µ, we can find the values of
(g1, g2, g3, yt, λ,m2) and from them, we can find all the quan-
tities in the above set of equations.
Before we proceed, it is worth understanding when the above
expressions are valid. The high temperature expansion is valid
whenever m2(φc)β2 ≪ 1. If we choose a value of β and if we
are interested in a chosen range of φc values, then we can find
the corresponding m2(φc)β2 and check whether |m2(φc)|β2 ≪ 1
or not. Using the tree level Higgs potential, we find that
β2m2(φ) = β2m2(µ¯) + 12λ(µ¯)β2φ2 , (13)
where the m2 on the RHS is the mass term which turns up the
tree level Higgs potential. Since T ∼ Hinf , and we are interested
in the range of field values around φ ∼ µinst, it is clear that the
high temperature expansion is valid in the situation of our in-
terest. The corresponding one-loop thermal effective potential
found from Eq (7) and is shown in Fig (4). As Eq (7) suggests,
for the field values around µinst, the thermal effective potential
is governed by T 2φ2, so that the stability is restored because of
large thermal corrections to the mass of Higgs. On the other
hand, for field range of the order of 1014 GeV (when the quar-
tic term dominates over quadratic term), the thermal effective
potential begins to turn negative (see Fig (5)) and we certainly
need new physics around this scale to keep the thermal poten-
tial positive. But around such field values, the high temperature
expansion is no longer valid, although correcting for this does
not change the order of magnitude of numbers in Fig (5). Recall
that new physics is anyway expected around this scale in order
to have successful inflation. What we have thus shown is that
(i) the Higgs instability problem during inflation in fact implies
that no new physics is needed till an energy scale equal to the
Hubble parameter during inflation, and (ii) because of the ef-
fect of de-Sitter radiation, the instability scale essentially shifts
from µinst to Hinf .
Improvement in survival probability: Let us suppose that the
scalar potential of the BSM scenario valid below Planck scale
is
V(φi, φh) = V1(φi) + V2(φh) + V3(φi, φh) , (14)
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Figure 4: The one-loop thermal effective potential of the SM Higgs field in the
field range around the instability scale and a temperature of T = 1014 GeV. The
range of field values of this figure and Fig (3) are identical but the range of val-
ues of the potentials differ by fourteen orders of magnitude. Most importantly,
the thermal effective potential is positive in the field range corresponding to
the instability energy scale while the zero-temperature effective potential turns
negative. This illustrates the fact that around φ ∼ µinst, the Higgs stability can
be restored by the temperature caused by Hawking radiation.
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Figure 5: The expected one-loop thermal effective potential of the SM Higgs
field in the field range around the inflationary Hubble scale and a temperature
of T = 1014 GeV assuming the validity of high temperature expansion. New
physics is certainly required below Hinf in order to stabilize this potential but
what this illustrates is that the de-Sitter radiation essentially pushes the insta-
bility scale from µinst = 108 GeV to Hinf = 1014 GeV.
where φi is the inflaton and φh is the SM Higgs. We assume
that V3 is very small as compared to V1 and V2 because other-
wise the SM Higgs potential will be modified at large φh, poten-
tially solving the Higgs instability problem. During inflation,
V1(φi) ≫ V2(φh) so that the SM Higgs field can be treated as
a free field (as we did previously). The probability distribution
function of φh is then a Gaussian with mean = 0 and variance
= (Hinf/2pi)2. Without taking into account the de-Sitter radia-
tion, the probability that after inflation, the SM Higgs is found
with φh < µinst = 10−6Hinf is then given by
2
∫ 10−6
0
dx√
2pi
e−x
2/2
= 7.97 × 10−7 , (15)
which is too low. On the other hand, if one takes into account
the effects of de-Sitter radiation, since the instability scale gets
pushed to Hinf , the probability of survival is found by integrat-
ing the Gaussian from −Hinf to +Hinf i.e.
2
∫ 1
0
dx√
2pi
e−x
2/2
= 0.68 . (16)
Even when we correct Fig (5) for the non-validity of high tem-
perature expansion, this number still stays of order 0.5 (the ex-
act number can be worked out by redoing all the above without
assuming the validity of high temperature expansion). Thus,
taking into account the effects of de-Sitter radiation improves
the probability that a given Hubble volume will survive the in-
stability in Higgs potential.
Summary: It is well known that at a high temperature, bro-
ken symmetries get restored. In the problem we studied, the
Gibbons-Hawking temperature due to de-Sitter radiation (as
seen by any geodesic observer in quasi de Sitter space) ensures
that the stability of effective potential of SM Higgs gets restored
in the field range around φ ∼ µinst. This is seen clearly if we
compare Fig (3) with Fig (4). Note that the thermal effective po-
tential shown in Fig (4) is positive and has no instability, more-
over, if we assume the Hubble parameter during inflation to be
Hinf ∼ 1014 GeV, then, the thermal effective potential of the SM
Higgs field in the field range around φ ≈ µinst (the field value
at which λ turns negative) is O(T 2φ2) ∼ 1043GeV4, which is
fourteen orders of magnitude bigger than λ(φ)φ4 ∼ 1029GeV4,
the effective potential of the SM Higgs in the same field range.
Moreover, Veff(φ, T ) ≈ 1043GeV4 is too small compared to
Vinf ≈ 1064GeV4, the inflaton potential energy density, so that
these thermal effects in Higgs do not affect the inflationary dy-
namics. It is thus clear that even if the energy scale of inflation
is a few orders of magnitude lower than 1016 GeV, stability is
still maintained due to Gibbons-Hawking temperature of infla-
tionary quasi de-Sitter spacetime.
If we look at the thermal effective potential of the SM Higgs
around Hinf , i.e. Fig (5), we find that the de-Sitter radiation
has essentially caused the instability scale to shift from µinst to
T which is of order Hinf . Because of this, the probability that
the SM Higgs is found in the stable part of the potential dur-
ing inflation is quite significant. We have thus shown how the
considerations of de-Sitter radiation help alleviate the Higgs in-
stability problem during inflation. At the end of inflation the
5
universe becomes radiation dominated by the decay of the in-
flaton. The radiation era has no permanent horizon and there is
no Gibbons-Hawking temperature associated with the radiation
era. The Higgs potential in the radiation era can have interest-
ing consequences such as leptogenesis as has been explored in
[28].
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